Most moths utilize sex pheromones released by the female to attract a mate. Females produce the sex pheromone in the pheromone gland in a biosynthetic pathway which consists of several key enzymes. Fatty acyl-CoA reductase is one of the key enzymes, which catalyzes the conversion of fatty acyl-CoA to the corresponding alcohol, playing an important role in producing the final proportion of each pheromone component. In Helicoverpa zea, (Z)-11-hexadecenal is the major sex pheromone component in female pheromone glands and previously a large amount of hexadecanal was also found in female and male tarsi. In our previous study, we compared the transcriptome between pheromone glands and tarsi and found 20 fatty acyl-CoA reductases in both tissues. In this study, we functionally characterized four FARs which were expressed at high levels according to the transcriptome of pheromone glands and tarsi. Fatty acyl-CoA reductase 1 was homologous to other moth pheromone gland specific fatty acyl-CoA reductases, and it was also present in male tarsi. Functional expression in yeast cells indicates that only fatty acyl-CoA reductase 1 was able to produce fatty alcohols. In addition, a decreased mRNA level of fatty acyl-CoA reductase 1 in female pheromone glands and male tarsi by RNAi knockdown caused a significant decrease in the production of (Z)-11-hexadecenal in pheromone glands and hexadecanal in male tarsi. This study is the first to demonstrate the direct function of a fatty acyl-CoA reductase in male tarsi and also confirms its role in sex pheromone biosynthesis in H. zea.
Introduction
Sex pheromones in moths play an important role in mate finding. In general, mature females release sex pheromone in the scotophase in a calling behavior to attract conspecific males. The Type 1 moth sex pheromones usually consist of several components which are fatty acid derivatives, with a functional group that includes fatty alcohols, acetate esters, and aldehydes. In most moths de novo biosynthesis of sex pheromone occurs in specific sex pheromone glands (PGs) located at the 8th and 9th abdominal segment by a series of enzymes including desaturases, chain-shortening reactions, fatty acyl-CoA reductase, alcohol oxidase and acetyltransferase. Various desaturase families (Albre et al., 2012; Bucek et al., 2015; Foster and Roelofs 1996; Fujii et al., 2015; Hao et al., 2002; Liénard et al., 2008) and fatty-acyl-CoA reductases (FARs) (Antony et al., 2009; Carot-Sans et al., 2015; Hagström et al., 2012; Liénard et al., 2010; Moto et al., 2003) have been widely studied in the pheromone glands of many moths. However, the acetyltransferase and alcohol oxidase which catalyze the last step of biosynthesis have not been identified at the molecular level in any insect Jurenka, 2004; Zhang et al., 2014 Zhang et al., , 2017 .
The corn earworm, Helicoverpa zea, is a major pest in North America and has a wide host range. H. zea uses two sex pheromone components consisting of (Z)-11-hexadecenal (Z11-16:Ald) and (Z)-11-hexadecenal (Z9-16:Ald) in about a 95:5 ratio (Hillier and Baker, 2016) . The biosynthetic pathway begins with the production of palmitic acid through fatty acid synthesis by acetyl-CoA carboxylase and fatty acid synthase (Choi et al., 2002) . Then one double bond is introduced into the saturated fatty acid precursor at specific position by a Δ11 desaturase or a Δ9 desaturase. The unsaturated fatty acids are then reduced to the fatty alcohol by FAR and then the alcohol is oxidized by an alcohol oxidase to form the final aldehyde compound. Some minor compounds with different chain lengths are produced through a limited β-oxidation process. So far, the FARs from four heliothine moth species have been identified at the molecular level in pheromone glands (Hagström et al., 2012) .
The terminal leg segments (tarsi) are used in walking but in addition they have other functions. Many lepidopterans rely on tarsal contact chemoreception using gustatory receptors for discriminating between https://doi.org/10.1016/j.ibmb.2019.103260 Received 6 September 2019; Received in revised form 21 October 2019; Accepted 29 October 2019 host and non-host to oviposit eggs (Ozakim et al., 2011; Ramaswamy et al., 1987) . Frerot et al. (2013) found that in a day-flying moth, the palm borer, Paysandisia archon, a short-range sex pheromone is produced from the tarsi of males. Recently, a large amount (0.5-1.5 μg) of hexadecanal (16:Ald) in the male tarsi and lower amounts (0.05-0.5 μg) in female tarsi were found in four heliothine moths, including H. zea. However the exact function of 16:Ald found in the tarsi is unknown (Choi et al., 2016) .
In our previous study (Dou et al., 2019) , we investigated the transcriptomic differences between female pheromone glands and male tarsi. We selected some key genes that could be involved in sex pheromone biosynthesis and conducted the downstream analysis. In this study, we functionally characterized four FARs in vivo and in vitro and found one is involved in sex pheromone production in pheromone glands and 16:Ald formation in tarsi, while the other three genes did not produce fatty acyl alcohols in our heterologous assay.
Materials and methods

Insects
Eggs of H. zea were obtained from Frontier Agricultural Sciences (Newark, DE), larvae were reared on an artificial diet (Stonefly Heliothis diet) at 25 ± 1°C under a light:dark cycle 14:10 h. Pupae were sexed and allowed to emerge separately. A sucrose solution (10%) was provided to adults. Three-day-old virgin adults were used in this study.
Chemicals
Hexadecanoic methyl ester (16:Me), hexadecenoic methyl ester (Z9-16:Me), (Z) 9-oleic methyl ester (9-18:Me) were purchase from Tokyo Chemical Industry (TCI). (Z)-9-tetradecenoic methyl ester (Z9-14:Me) and stearic acid was purchased from Sigma Aldrich. (Z)-11-hexadecenoic acid methyl ester (Z11-16:Me) was synthesized similar to that described in Jurenka et al. (1994) . All compounds used as precursors in the functional assay were dissolved in 95% ethanol at a 0.02 M stock concentration and diluted to 0.5 mM final concentration in the yeast assay.
Cloning of the FARs
Through the alignment of amino acid sequences of different FARs, specific primers (Table 1) for FAR1 were designed for RACE to get the full length open reading frame. Total RNA was extracted from ten pheromone glands and tarsi with TRIzol reagent (Gibco, Paisley, UK) according to the manufacturer's instructions and the quantity measured with a Nanodrop 2000/2000c (Thermo Scientific). One μg of total RNA was used as template for the following PCR amplification. The 5′ RACE and 3′ RACE first-strand cDNA were produced using the SMARTer RACE cDNA amplification kit (Clontech Laboratories, Inc.) according to the manufacturer's instructions. The PCR products were gel-purified and cloned into the pGEM-T easy vector (Promega). Plasmid DNA was collected and sequenced to obtain the full-length FAR1 sequence.
According to the transcriptome obtained previously (Dou et al., 2019) , four candidate genes (FAR1, FAR4, FAR5, FAR7) were selected from the transcriptome data, which were highly expressed in PG or tarsi. The full-length sequence of FAR1, as determined by RACE, was the same as the transcriptome, and the full-length sequences of FAR4 and FAR5 were obtained directly from the transcriptome data. The fulllength sequences of FAR7 was from the assembly result of HzeaFAR7 and HzeaFAR11 transcripts. Full-length sequences of FAR4, FAR5, and FAR7 were based on the transcriptome data from three biological replicates from the PG and tarsi which all had identical sequences. The amino acid sequences were analyzed using the transmembrane region prediction software TMPRED (Hofmann and Stoffel, 1993) and TMHMM (Krogh et al., 2001) .
RT-PCR
The first-strand cDNA from female PGs, tarsi and male tarsi was synthesized from 1 μg of total RNA using ProtoScript II First Strand cDNA synthesis kit (NEW ENGLAND BioLabs) in a 20 μl mix according to the protocol. The primers for RT-PCR are shown in Table 1 . The PCR conditions were 95°C for 3 min, 30 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 1 min, and a final extension at 72°C for 10 min. The PCR products were separated by 2% agarose gel electrophoresis. The ribosomal protein S7, which is stably expressed, was used as a reference gene (Zhang and Denlinger, 2012) .
Functional assay
The ORFs of the four FARs were cloned to pYES 2.1 expression vector (Invitrogen) to form FAR1-PIB, FAR4-PIB, FAR5-PIB, and FAR7-PIB recombinant DNA. Briefly, the four FARs cDNA were amplified by PCR using the primers in Table 1 . PCR was performed under conditions of 95°C for 3 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 1 min, and a final extension at 72°C for 10 min. The products were double digested and purified with the gel purification kit (QIAquick gel extraction kit, Qiagen). Then the products were ligated into a pYES 2.1 vector which was predigested by the same double digestion enzymes, and transformed into JM109 competent cells. Single clones were selected and plasmid DNA was purified with a QIAprep kit (Qiagen). The plasmids were sequenced in the DNA facility at Iowa State University to confirm sequence and the correct orientation in the plasmid.
Five micrograms of plasmids were transformed into INVSc1 yeast host strain using the S.C. EasyComp TM kit (Invitrogen) and the transformants selected on SC-U plates containing 2% glucose for 72 h. Individual colonies were inoculated in 6 mL selective medium ((SC-U) + 2% glucose) and then incubated for 48 h at 30°C and 200 rpm. The cells were diluted to OD 600 nm/mL = 0.4 in a 20 mL SC-U medium with 2% galactose and 0.1% glucose. After incubation for 24 h at 30°C and 200 rpm, the yeast cell culture was diluted to 1: 10 in 2 mL fresh induction medium with 0.5 mM methyl-esters as the precursors. The Z9-14:Me, 16:Me, Z9-18:Me, Z9-16:Me, Z11-16:Me, and stearic acid were used as precursors. Cells were incubated for 24 h at 30°C and 200 rpm then pelleted at 2000×g and washed with sterile water twice. One mL n-hexane was used to extract the cell pellets and the hexane extracts stored at −20°C until analyzed with gas chromatography-mass Table 1 Primers used in this study.
Gene
Method Dou, et al. Insect Biochemistry and Molecular Biology 116 (2020) X. Dou, et al. Insect Biochemistry and Molecular Biology 116 (2020) 103260 spectrometry (GC-MS). A Hewlett Packard 5890 GC coupled to a 5972 mass selective detector was used to identify the fatty alcohols. The column used to separate the extracts was a DB Wax (J&W Scientific, 30 m × 0.25 mm). The GC oven temperature was set as follows: 60°C for 1 min, increase to 230°C by 10°C/min, and then held at 230°C for 15 min.
RNAi
The double-stranded RNA was synthesized using MEGAscript RNAi kit (Ambion). The templates contained T7 polymerase at both 5′ and 3' end. The PCR cycle conditions were set as follows: 95°C for 3 min, 35 cycles of 95°C for 1 min, 60°C for 1 min, 72°C for 1min, and a final elongation at 72°C for 10 min. The purified PCR product was used as templates for dsRNA synthesis. The dsRNA were treated with DNase I and RNase to remove DNA and ssRNA contaminations, followed by purification to remove proteins, free nucleotides and nucleic acid degradation products. The dsRNA was dissolved in elution solution, and the concentrations were measured using Nanodrop 2000/2000c. The enhanced green fluorescent protein (EGFP) dsRNA was used as a control.
Ten μg of dsRNA (2 μg/μl) for EGFP and FAR1 were injected into the 7th and 8th abdominal segment which is close to the pheromone glands in newly emerged females. The injected females were incubated for 48 h at 25°C and then injected with 100 pmol PBAN (pheromone biosynthesis activating neuropeptide). After 1 h incubation, PGs were removed and extracted into n-hexane containing 150 ng of E4-13:OAc as an internal standard (IS). Similarly, the same amount of dsRNA for EGFP and FAR1 were injected into the abdomen of newly emerged males. After 48 h incubation, tarsi were removed and extracted into nhexane containing internal standard directly without the injection of PBAN. GC-MS analysis was conducted as described above.
Quantitative real-time PCR
RNAi knockdown effects were measured with quantitative real-time PCR. PGs and tarsi from treated females and males were dissected for total RNA extraction. One μg of total RNA was used for first-strand cDNA synthesis using the same procedures as described above. The cDNA from each treatment was used as template for qPCR. The primers are listed in Table 1 and qPCR was conducted using SYBR Green Supermix on the Applied Biosystems QuantStudio 3 (Thermo Fisher Scientific) according to the manufacturer's protocol. The conditions of thermal cycles were: 95°C for 3 min, 40 cycles of 95°C for 15 s, 60°C for 20 s. Three replicates were used for each sample. The ribosomal protein S7 was used as reference gene. The data were analyzed using the 2 −ΔΔCt method (Livak and Schmittgen, 2001) .
Phylogenetic construction
Sequences used in phylogenetic analysis were based on the Blastp results of FAR1, FAR4, FAR5, and FAR7 in the NCBI database. Multiple sequence alignment was performed with the CLUSTALW program, and neighbor joining tree with 1000 replicates was constructed using MEGA 7 (Kumar et al., 2016) .
Results
FAR cloning
In the transcriptomic data previously obtained (Dou et al., 2019) , we found 20 FARs in female PGs and male tarsi. We selected FAR1, FAR4, FAR5, and FAR7 as the candidate genes encoding FAR, because these four genes were highly expressed either in PGs or tarsi. Through the RACE protocol, we identified a FAR which is 100% identical to FAR1 in the transcriptome. We used these four genes (NCBI GenBank accession numbers MN164613, MN164614, MN164615, MN328764) to do the downstream analysis. The open reading frame of FAR1, FAR4, FAR5, and FAR7 have 1368 nt, 1554 nt, 1566 nt, and 1530 nt in length, encoding proteins of 456, 518, 522, and 510 aa with predicted molecular weight of 51.63, 59.12, 59.18, and 58.31 kDa, respectively. FAR1 and FAR4 shared 27.84% aa identity, FAR1 and FAR5 shared 27.78% aa identity, FAR1 and FAR7 shared 31.2% aa identity, FAR4 and FAR7 shared 32.88% aa identity, FAR5 and FAR7 shared 32.76% aa identity, and FAR4 and FAR5 shared 34.64% aa identity. FAR1 shared above 96% aa identity to four other heliothine moths pgFARs while FAR4, FAR5, and FAR7 were less than 30% identical to other heliothine moth pgFARs. Through the prediction of Conserved Domain Database (CDD) in NCBI (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and InterProtScan (https://www.ebi.ac.uk/interpro/search/sequencesearch), all sequences contained an NAD(P)H-binding region and the Cterminal region of fatty acyl CoA reductase. Also, they have the GXXGXX(G/A) motif at the N-terminus which is similar to the canonical ADP-binding domain involved in the binding of NAD(P)H (Fig. 1) . According to the prediction of transmembrane domains, HzeaFAR1 showed one transmembrane region and HzeaFAR4, HzeaFAR5, and HzeaFAR7 showed 2 regions (Fig. 1) .
RT-PCR of the four FARs
According to the RT-PCR, HzeaFAR1, HzeaFAR4, HzeaFAR5, and HzeaFAR7 were all found in female PGs and tarsi and male tarsi (Fig. 2) , which agrees with the transcriptome data. FAR1 was highly expressed in PG, while FAR4 and FAR5 were moderately expressed in female tarsi. Male tarsi had moderate expression of FAR1 and FAR5. FAR7 was expressed at very low levels in PG and tarsi.
In the phylogenetic tree (Fig. 3) , HzeaFAR1 was clustered together X. Dou, et al. Insect Biochemistry and Molecular Biology 116 (2020) 103260 with the FARs from four heliothine moths which could utilize a range of substrates from C8 to C16 (Hagström et al., 2012) . In addition, HzeaFAR1 clustered with the FARs discovered in PGs and involved in pheromone biosynthesis. However, the other three FARs, HzeaFAR4, HzeaFAR5, and HzeaFAR7, were not clustered with the PG specific FARs.
Yeast expression and functional assay indicates FAR1 produces fatty alcohols
The ORFs of these genes were cloned into pYES2.1 yeast vector and transformed into InvSc1 yeast cells. The empty vector was used as a negative control. Z9-14:Me, Z9-16:Me, Z11-16:Me, 16:Me and Z9-18:Me were used as precursors for the functional assay. No fatty alcohol products were found in the negative control. In yeast expressing FAR1, without the addition of exogenous substrates, various amounts of 10:OH, 12:OH, 14:OH, 16:OH and 9-16:OH were found with 16:OH in the highest amount (Fig. 4) . When additional substrates were added as methyl esters increased amounts of Z9-14:OH, Z9-16:OH, and Z11-16:OH but decreased levels of the saturated fatty alcohols were found (Fig. 5, Table 2 ). When 16:Me was added, 16:OH did not show a significant increase (Table 2 ). The addition of Z9-18:Me did not produce the corresponding fatty alcohol. FAR4, FAR5, and FAR7 expression in the yeast cells did not produce any alcohols either with or without the addition of methyl esters as substrates including 18:Acid (data not shown).
RNAi indicates that FAR1 is involved in 16:Ald production in male tarsi
Since the expression of FAR1 in yeast cells indicated the reduction of fatty acids to corresponding alcohols, but FAR4, FAR5, and FAR7 did not, we tested the functional analysis of FAR1 in vivo. We injected dsRNA for FAR1 in newly emerged females and males. The dsRNA for EGFP was injected as a control. The qPCR results indicated that FAR1 expression was significantly decreased after RNAi injection for both female PGs (Fig. 6A ) and male tarsi (Fig. 7A) , compared to the control. Correspondingly FAR1 knockdown also led to a significant decrease in the amount of Z11-16:Ald in female PGs (Figs. 6B) and 16:Ald in male tarsi (Fig. 7B ). This indicates that FAR1 is involved in the sex pheromone biosynthesis pathway in PG and also in the production of 16:Ald in tarsi. However, the 18:Ald found in male tarsi did not show a Fig. 3 . Phylogenetic tree of FARs from different Lepidoptera species. The tree was conducted using the amino acid sequences with the neighbor-joining algorithm with the Jones-Taylor-Thornton (JTT) model and 1000 bootstrap replicates using MEGA 7.0. The FAR sequences were retrieved from Genbank and EST database with BLASTP searches and HzeaFAR1, HzeaFAR4, HzeaFAR5, and HzeaFAR7 were used as query. The amino acid sequences were aligned using ClustalW. The GenBank numbers are shown in parenthesis. FARs specific to PGs are highlighted in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) significant difference compared to the control (Fig. 7B) , indicating that FAR1 cannot reduce the 18C fatty acid to the alcohol, which agrees with the functional assay in yeast cells.
Discussion
The first FAR involved in pheromone biosynthesis was identified in B. mori (Moto et al., 2003) . Since then several FARs have been identified in the PGs of Lepidoptera at the molecular level. In addition, PGs transcriptome analysis found many FARs in various moths (Ding and Löfstedt, 2015; Li et al., 2015; Zhang et al., 2017) . Most of the FARs were not PG specific and were expressed in different tissues (Xia et al., 2015; Zhang et al., 2014) . Choi et al. (2016) found large amounts of 16:Ald and smaller amounts of 18:Ald in male and female tarsi. We compared the transcriptome of female PGs, tarsi and male tarsi, and found 20 FARs (Dou et al., 2019) . Based on the FPKM values, HzeaFAR1 was highly expressed in PGs but had lower expression in female and male tarsi. While HzeaFAR4, HzeaFAR5, and HzeaFAR7 were expressed at higher levels in tarsi than in PGs. According to the sex pheromone biosynthetic pathway described previously (Choi et al., 2002) , we assumed that the aldehyde in tarsi is also produced in a similar pathway, but without the involvement of a desaturase.
In this study, we functional characterized four FARs. There are few studies on the structural characterization of reductases, but it is shown that this enzyme is located in the endoplasmic reticulum in yeast cells (Hagström et al., 2013) . Also there is a general hypothesis that FARs are membrane-bound proteins (Kolattukudy and Rogers, 1986; Metz et al., 2000) . As expected, the protein sequences of four FARs all predicted one or two transmembrane regions through the analysis of TMPRED and TMHMM software. They all have the conserved region of NAD(P) (+)-binding like all FARs involved in sex pheromone biosynthesis. Interestingly, HzeaFAR1 is clustered together with the other four FARs X. Dou, et al. Insect Biochemistry and Molecular Biology 116 (2020) Dou, et al. Insect Biochemistry and Molecular Biology 116 (2020) 103260 from heliothine moths as a PG specific gene, but through RT-PCR, we found its presence in female and male tarsi. Most studies working on identification of FARs did not consider the distribution in tarsi (Antony et al., 2016; Moto et al., 2003) , or did not find the pgFAR expressed in legs (Carot-Sans et al., 2015; Liénard et al., 2010) . The possible reason is that compounds (i.e. aldehydes) requiring an alcohol precursor were not found in the legs of these moths. In our study, HzeaFAR1 was 96% identical to the FARs from four heliothine moths (Hagström et al., 2012) , 43.76% identical to pgFAR from Y. evonymellus (Liénard et al., 2010) and 32.98% identical to pgFAR from O. scapulalis (Antony et al., 2009) , indicating its function should be the same as the other heliothine moths. Using the yeast functional assay, we found HzeaFAR1 could reduce 16:Me, Z9-14:Me, Z9-16:Me, Z11-16:Me, but not Z9-18:Me, indicating HzeaFAR1, like other pgFARs from heliothines, could not reduce the 18C fatty acid. When adding the saturated substrate 16:Me to yeast cells expressing FAR1 there was not a significant increase in 16:OH produced, indicating that FAR1 may have a preference for unsaturated fatty acids or that the ability to reduce saturated fatty acids is limited. RNAi also confirmed this conclusion. The knockdown of HzeaFAR1 reduced the amount of 16:Ald in male tarsi and Z11-16:Ald in female PGs, but 18:Ald did not show significant difference in male tarsi, indicating there is possibly another FAR reducing the 18C fatty acid in male tarsi. We did not check the substrate preference, but based on the amounts of each fatty alcohol product, it seems HzeaFAR1 has the highest activity for Z9-14:Me, followed by Z11-16:Me, which is in agreement with assays conducted with the FARs from the other heliothine moths (Hagström et al., 2012) . This is the first study to demonstrate that the same FAR is involved in sex pheromone biosynthesis in PG and in 16:Ald production in tarsi. 
